tions in regulating G 1 progression, with cyclin D coupling extracellular signals to the cell cycle machinery via pRB under conditions of continuous cell cycling but are unable to reenter the cell cycle from the quiescent G 0 phosphorylation, while cyclin E controls the initiation of DNA replication, centrosome duplication, and possibly state. Molecular analyses revealed that cells lacking cyclin E fail to normally incorporate MCM proteins into other functions. Importantly, it is widely believed that E type cyclins are absolutely required for cell cycle pro-DNA replication origins during G 0 →S progression. We also found that cyclin E-deficient cells are relatively gression of all cell types. The work presented below challenges this notion and reveals that our understandresistant to oncogenic transformation. These findings define a molecular function for E type cyclins in cell ing of the cell cycle machinery needs to be reevaluated. cycle reentry and reveal a differential requirement for cyclin E in normal versus oncogenic proliferation. Results
ment of male germ cells and suggest a role for cyclin E2 in the meiosis that takes place in this compartment. Importantly, cyclin E2-deficient females develop normally and are fully fertile. Moreover, all other compartments analyzed develop normally in cyclin E2
Ϫ/Ϫ mice (data not shown), and mutant animals display normal life spans.
To further probe the requirement for E type cyclins in development, we crossed cyclin E1-and E2-deficient mice, and we generated mice expressing only a single cyclin E allele, namely cyclin E1 Ϫ/Ϫ
E2
ϩ/Ϫ and cyclin E1 ϩ/Ϫ E2 Ϫ/Ϫ animals. We found that cyclin E1 Ϫ/Ϫ E2 ϩ/Ϫ mice (like cyclin E1 Ϫ/Ϫ animals) were indistinguishable from control mice and displayed normal morphogenesis in all tissues. On the other hand, cyclin E1 ϩ/Ϫ
Ϫ/Ϫ animals resembled cyclin E2 Ϫ/Ϫ mice and displayed testicular hypoplasia and male infertility, which was more pronounced than that of mice lacking only cyclin E2 (data not shown). Collectively, these phenotypic analyses suggested to us that the two E type cyclins perform overlapping functions in the cell cycle progression and that a single cyclin E allele is sufficient to afford normal 
Ϫ/Ϫ embryos were observed after E11.5. Surprisingly, histopathological Cyclin E1 Ϫ/Ϫ mice were born with the expected Mendelian ratio and appeared indistinguishable from the wildexamination of the mutant embryos revealed thatdespite some growth retardation-these cyclin E-defitype littermates. Detailed histopathological analyses revealed normal morphogenesis in all tissues examined. cient embryos displayed normal morphogenesis and no signs of pathological lesions. Also, analyses of yolk sacs These cyclin E1-deficient animals displayed normal life spans and appeared normal throughout their entire lives.
revealed normal blood vessel formation and the presence of blood islands filled with numerous blood cell Also, mice lacking cyclin E2 were born at the expected frequencies and were initially indistinguishable from precursors (data not shown). In contrast, examination of other extraembryonal tissues revealed a profound control littermates. However, we found that cyclin E2-deficient males displayed reduced fertility, with apabnormality within the mutant placentas. Specifically, we found that the layer of trophoblast proximately 50% of males being sterile. Our analyses revealed that cyclin E2 Ϫ/Ϫ males displayed reduced tesgiant cells, usually very prominent in wild-type placentas due to the giant size of trophoblast cell nuclei, was virtually ticular size ( Figure 2B ) and greatly reduced sperm counts ( Figure 2C 
Ϫ/Ϫ embryos revealed normal morphogenesis in all other compartments. These observations indicate that the E type cyclins are largely dispensable for normal development.
Requirement for E Type Cyclins in Endoreplication of Megakaryocytes
In addition to trophoblast giant cells, the platelet precursors, megakaryocytes, are another cell type that normally undergoes endoreplicative cycles. The availability of rescued cyclin E-deficient embryos allowed us to address the requirement for E type cyclins in endoreplication in this compartment. To this end, we isolated megakaryocytes from E14.5 wild-type and cyclin E-deficient livers, cultured them in vitro in the presence of thrombopoietin to stimulate endoreplicative cycles, and determined the DNA content. As expected, wild-type megakaryocytes displayed polyploid DNA content, with the majority of cells containing 32 N of DNA. In contrast, DNA content was clearly reduced in cyclin E1 Figure 4C ), revealing impaired endoreplication in the absence of E type cyclins. Together with our earlier studies of trophoblast giant cells, these analyses reveal that E type cyclins are required for endoreplication of diverse mammalian cellular compartments.
Continuous Cell Cycling in the Absence of E Type Cyclins We next derived fibroblasts (MEFs) from rescued cyclin E1
Ϫ/Ϫ
E2
Ϫ/Ϫ embryos, and we used them for cell cycle and molecular studies. Analyses of in vitro cultured early-passage cyclin E1
Ϫ/Ϫ MEFs revealed that these cells actively proliferated in vitro, with a higher fraction of mutant cells residing in the G 1 phase ( Figure  5B ). We also determined that the rate of the S phase progression (incorporation of [ in wild-type cells, the ORC2 protein remained associated with DNA replication origins at all points during cell wild-type cells were at the peak of the S phase progression ( Figure 6A) . Surprisingly, we found that pRB was cycle reentry. CDC6 was loaded onto DNA at approximately 12 hr, followed by DNA loading of the MCM at clearly phosphorylated in cyclin E1 Ϫ/Ϫ E2 Ϫ/Ϫ cells ( Figure  6B ). Analyses of time course of pRB phosphorylation 12-15 hr ( Figure 7B ). In cyclin E-deficient cells, the ORC2 protein was also constitutively associated with DNA, following serum stimulation revealed that in wild-type cells, hyperphosphorylated pRB species started to apand CDC6 was loaded at a similar time as in the wildtype cells. However, as we observed before, mutant pear at 12 hr poststimulation, concomitant with appearance of cyclin E-associated kinase ( Figure 6C ). In cyclin cells were deficient in MCM loading ( Figure 7B ). These analyses reveal that the assembly of the prereplicative E1 Ϫ/Ϫ E2 Ϫ/Ϫ cells, pRB phosphorylation was delayed by 2-3 hr, and it coincided with the appearance of cyclin complexes is blocked in cyclin E1 
Ϫ/Ϫ cells, documented above, prompted responsible for bringing about pRB phosphorylation. We ., 1994) . In several instances, the relevant function was uniquely ascribed to cyclin E, but not to other cyclins. However, our observations that nearly normal mouse development takes place in the absence of E type cyclins indicate that our 
